The interaction between killer immunoglobulin-like receptors (KIRs) and HLA class I regulates natural killer (NK) cell cytotoxicity and function. The impact of NK cell alloreactivity through KIR in liver transplantation remains unelucidated. Since the frequency of HLA-C and KIR genotypes show ethnic differences, we assessed the impact of HLA-C, KIR genotype, or KIR-ligand mismatch on the allograft outcome of Korean liver allografts.
INTRODUCTION
Natural killer (NK) cells may participate in solid-organ transplantation rejection by modulating host immune reaction rather than direct effector function [1] [2] [3] . NK cell effector function is dependent on the interaction between killer cell immunoglobulin-like receptors (KIRs) and their ligands, HLA class I molecules. NK cells sense the loss of self cell-surface HLA class I molecules and trigger cytolysis to target infected or transformed cells [4] . NK cells express a variety of receptors, including the KIR, and KIRs may be either activating (aKIRs) or inhibitory (iKIRs) [5, 6] . HLA-C is a major ligand for KIR, and HLA-C molecules can be divided into two groups-HLA-C1 ligand or HLA-C2 ligandbased on their KIR specificity. The HLA-C1 ligand carries an asparagine at position 80 (HLA-Cw01, 03, 07, 08, 09, 10, 12, 14) and HLA-C2 has a lysine at position 80 (HLA-Cw02, 04, 05, 06, 15) [7] . Within iKIRs, KIR2DL1 recognizes HLA-C2 ligand, whereas KIR2DL2/3 recognizes HLA-C1 ligand [8] . In aKIRs, binding to HLA-C has only been demonstrated for KIR2DS1 and KIR2DS4. KIR2DS1 recognizes HLA-C2 ligand, whereas KIR2DS4 recognizes HLA-C2 and a limited number of HLA-C1 ligands; ligands for other aKIRs remain elusive [8] .
The impact of NK cell alloreactivity through KIR in solid organ transplantation remains unclear. Previous studies utilized several KIR models such as KIR gene-gene mismatch, HLA-C genotype mismatch, and KIR-ligand mismatch for donors lacking ligands for inhibitory KIR, which present in recipients [5, 8, 9] . In liver transplantation (LT), previous studies reported the impact of HLA-C allotypes on acute rejection (AR) and graft survival [9] [10] [11] [12] [13] , but some studies demonstrated no effect on graft outcomes [14] . In addition, most previous studies for HLA-C, KIR genotypes, or KIR-ligand matching in LT do not report Asians as a separate group, and no data has been acquired previously for Korean liver transplants. Since the frequency of HLA-C genotypes and KIR genotypes differs with ethnicity [15] , we assessed the impact of HLA-C genotypes, KIR genotype, or KIR-ligand mismatch on the clinical outcome of Korean liver allografts.
METHODS

Patients
This study included 182 patients who received living donor LT between July 2009 and June 2013 at Seoul St. Mary's Hospital, Korea. AR was defined as clinical suspicion with histopathological evidence or biochemical response to corticosteroid treatment. Biopsy specimens were evaluated by an experienced pathologist and scored according to the Banff scheme [16] . The histopathological evidence of AR was defined as a rejection activity index ≥ 3. The standard immunosuppressive regimen at our center has previously been described [17] . Demographic characteristics of patients are listed in Table 1 . This retrospective study was approved by the Institutional Review Board of Seoul St. Mary's Hospital. The informed consent forms for genetic tests were obtained from the patients.
HLA typing
In all recipients and donors, HLA-A, B, C, and DR typing was performed by DNA molecular typing using sequence-specific oligonucleotide probes (SSOP) with LIFECODES HLA SSO typing kits (Immucor, Stamford, CT, USA). HLA-C alleles were assigned to either C1 or C2 groups, as HLA-C1 carries an asparagine at position 80 (HLA-Cw01, 03, 07, 08, 09, 10, 12, 14) and HLA-C2 has a lysine at position 80 (HLA-Cw02, 04, 05, 06, 15) [7] . HLA-C genotypes in donors and patients grouped into C1C1, C1C2, or C2C2. KIR genotyping was available for 98 recipients. Genotyping of  16 KIR genes (2DL1, 2DL2, 2DL3, 2DL4, 2DL5, 2DS1, 2DS2,  2DS3, 2DS4, 2DS5, 2DP1, 3DL1, 3DL2 , 3DL3, 3DS1, and 3DP1) was performed by the KIR SSO genotyping test (One Lambda, , and 7-9 were used for DNA amplification. Each PCR product was biotinylated, which allows later detection using R-phycoerythrin-conjugated streptavidin. PCR products were denatured and hybridized to complementary DNA probes conjugated to fluorescently coded microspheres. After washing the beads, bound amplified DNA was tagged with R-Phycoerythrin-conjugated Streptavidin (SAPE), and a LABScan 100 (One Lambda) was used to measure the fluorescent intensity of each microsphere. Genotype classification was based on the patient's reaction pattern compared to patterns associated with published KIR gene sequences.
KIR genotyping
Predicting models for NK cell alloreactivity
aKIRs were typed for 2DS1, 2DS2, 2DS3, 2DS4, 2DS5, and 3DS1, whereas iKIRs were typed for 2DL1, 2DL2, 2DL3, 2DL5, 3DL1, and 3DL2 [18] . One of them, 2DL4, was excluded from the analysis because a previous study reported that it had both activating and inhibitory functions, and 3DL3 was not included because its expression and function remain unclear [5] . Additionally, we grouped the recipient KIR genotypes into AA, BB, and AB according to Tran et al [5] . Patients were classified as AA if none of the following KIRs were present: 2DL2, 2DL5, 3DS1, 2DS1, 2DS2, 2DS3, and 2DS5. For AB and BB genotypes, if the AA genotype was excluded and 2DS4 was absent, the BB genotype was assigned, and the others were designated as AB.
To predict NK alloreactivity, we evaluated two main models: the 'ligand-ligand' or 'missing-self' model, and the 'receptor-ligand' or 'missing-ligand' model [5, 8, 19, 20] . 'Missing-self model' was defined as KIR-ligand mismatching between the donor and recipient, and the effect of HLA-C ligand compatibility on the liver allograft outcome was investigated. The 'missing-ligand' model was defined as the donor lacking ligands for KIR receptors present in the recipient genotype.
Statistical analysis
Statistical analyses were performed with the statistical package MedCalc version 15.5 (MedCalc, Mariakerke, Belgium). Categorical variables were compared between the two groups by Pearson uncorrected Chi-square test or Fisher's exact test. Graft survival and patient survival rates were analyzed by Kaplan-Meier survival and Cox regression methods. All reported P values are two-sided, and P values < 0.05 were considered statistically significant.
RESULTS
Allograft outcomes of liver transplant
Thirty-five patients (19.2%) exhibited biopsy-confirmed AR and 18 (9.9%) exhibited graft failure. The median (95% confidence interval) duration of graft survival and patient survival were 40.0 (36.0-43.0) months and 40.5 (36.0-43.0) months, respectively. There were no significant differences with regard to age, gender, HLA-A/B/DR mismatches, underlying diseases, crossmatching positivity, or immunosuppression between recipients with or without AR of liver allograft. In addition, there were no independent risk factors for graft survival.
HLA-C genotype
In the study population, the homozygous C1 genotype was predominant in both patients and donors (Table 2) , and the homozygous C2 genotype was found in only five (2.7%) recipients and two (1.1%) donors. When we investigated the independent effect of donor and recipient HLA-C genotypes, there was no significant difference in AR incidence between HLA-C1C1, HLA-C1C2, and HLA-C2C2 genotypes of recipients or donors. In terms of the HLA-C allele match or mismatch, HLA-C allelic compatibility was not associated with AR development (0 mismatch, 22.7%; 1 mismatch, 21.3%; 2 mismatch, 14.3%). When we investigated the HLA-C ligand disparity between donors and recipients for the missing self model, which implies absence of ligands in the donor for the inhibitory receptors that are present in the recipients, HLA-C ligand disparity had no influence on AR (Fig. 1) . However, no significant effect of donor HLA-C2 was observed on graft survival or patient survival (Fig. 2 ).
Recipient KIR genes and KIR genotypes
The frequencies of KIR genes and KIR gene distribution are shown in Fig. 3 between the liver allograft AR and AR-free groups. A similar negative result was obtained when we investigated the number of recipients with activating or inhibitory KIR genes. The number of activating or inhibitory KIR genes in the recipient genotype was not associated with liver allograft AR or graft survival. The 98 patients were categorized into three groups on the basis of KIR-AA, AB, or BB genotypes. The KIR-AA genotype (58.2%) was the most common, followed by AB (35.7%) and BB (6.1%) genotypes. There was no significant difference among the three KIR genotype groups with regard to the development of AR; incidence was 12.3% (7/57) for the AA genotype, 14.3% (5/35) for the AB genotype, and 16.7% (1/6) for the AB genotype. Cox regression analysis also did not show a significant difference in 6-yr allograft survival among the three KIR genotype groups.
KIR-ligand mismatch
We evaluated KIR-HLA ligand mismatches for association with poor liver allograft outcome. KIR-ligand match/mismatch was defined according to the previous study by van Bergen et al [20] . A mismatch for iKIR was defined as the presence of a KIR and its ligand in the recipients and the absence of the same ligand in the donor. A mismatch for aKIR was defined as the presence of the ligand in the donor and the absence of the ligand in the recipient. Among the 98 patients, the patients who were expected to have at least one KIR-ligand mismatch are shown in Table 3 . Of them, only one patient developed AR, so 2 P P P P P P P P P P P P P P P AB 5 5.1 0 0.0 3 P P P P P P P P P P P P P AB 14 14.3 3 23.1 4 P P P P P P P P P P P P P P P AB 1 1.0 0 0.0 5 P P P P P P P P P P P P P AB 7 7.1 1 7.7 6 P P P P P P P P P P P P P P AB 1 1.0 0 0.0 7 P P P P P P P P P P P AB 7 7.1 1 7.7 8 P P P P P P P P P P P P P BB 1 1.0 0 0.0 9 P P P P P P P P P P P P BB 3 3.1 0 0.0 1 0 P P P P P P P P P P P P P BB 1 1.0 1 7.7 1 1 P P P P P P P P P P P BB Bw4-Bw4+ (0.0) (13.6) *KIR-ligand match/mismatch was defined according to van Bergan et al [20] . Abbreviations: KIR, killer immunoglobulin-like receptor; AR, acute rejection.
we could not confirm the association between KIR-ligand mismatch and AR.
DISCUSSION
In allogeneic transplantation, NK cells in recipients may be activated through the lack of HLA ligands for iKIRs and the presence of an HLA ligand for an aKIR [20] . We demonstrated that patients who received liver transplants from donors with the HLA-C2 allele had a higher risk of AR than those who received livers from donors with a homozygous HLA-C1 genotype. This finding confirms the previous data by Lopez-Alvarez et al [11] , who showed that AR was more frequently detected in C2 homozygous patients in combination of C1/C2 heterozygous donors than in C1 homozygous patients. Similarly, Legaz et al [8] reported that KIR2DL3 and KIR2DS1 in patients increased AR incidence in the presence of donor C2 ligands. Our results support the previous studies suggesting that the KIR2DL1/S1+ allogeneic T cell subset, which is specific for donor C2 ligands, may be induced, or the binding of aKIR (KIR2DS1) to a donor HLA-C2 ligand can induce alloreactivity [21, 22] . However, other studies demonstrated controversial data showing no impact of donor HLA-C2 genotype on graft or patient survival [9, 14, 19] . HLA-C proteins may act as alloantigens, which can induce T cell activation and may also function as ligands for KIRs, modulating NK and T cell cytotoxicity [9] . The differences in study results may be due to differences in the study design, ethnic groups examined, diseases leading to LT, cohort size, or other factors, including donor-specific HLA-C antibodies.
The frequency of the HLA-C2 allele is lower in Koreans than in other ethnic groups [15] . In Caucasians, the HLA-C2 allele is predominant and the HLA-C2 homozygous type was detected in about 15% of donors [23] . In the current study, the HLA-C2 homozygous type was found only in five patients (2.7%) and two donors (1.1%) among the Korean cohort. This finding is in agreement with previous reports that showed a HLA-C2 homozygous type frequency of 2.0-3.8% in Koreans [24, 25] . Despite the significantly low frequency of the HLA-C2 genotype in Koreans, our data demonstrated that the HLA-C2 allele in donors was a risk factor for liver allograft rejection. Although a previous study reported that the KIR2DL1-C2 interaction provides a stronger inhibitory signal to NK cells than KIR2DL2/3-C1 binding [9] , we could not confirm this finding in the current study. Further large cohort studies are needed to clarify the clinical impact of KIR gene-ligand interaction. The frequencies of KIR genes and KIR gene distribution were similar to those previously reported in Korean populations (P > 0.05) [24] . When we analyzed ethnic differences in KIR gene frequency, Koreans had a significantly lower frequency of KIR2DL2, KIR2DL5, KIR2DS2, and KIR2DS3 genotypes and they had a higher frequency of KIR2DL3 than white populations [8] . These ethnic variations might affect the clinical impact of KIR-ligand mismatch on LT outcomes in Korean recipients. The ethnic differences between the previous study and our data appeared to be due to the underlying cause of LT and the type of donor. In Korea, the predominant disease necessitating LT is hepatitis B virus (HBV)-related liver disease, but in Western countries, hepatitis C virus (HCV)-related liver disease and autoimmunity account for a considerable proportion along with viral hepatitis [11, 19] . Although direct influence of the underlying disease on clinical outcome was not sufficient, different underlying diseases may affect patient NK cell function.
Since the KIR haplotype B has several activating KIR genes and recipient KIR genotypes (AA, AB, BB) have been investigated in previous studies [5, 26] , we analyzed whether recipient KIR genotypes might have an impact on liver allograft outcome. However, we failed to demonstrate any association between the specific KIR genotype group with liver allograft outcome.
There have been conflicting reports on the impact of KIR genes and KIR-ligand matching in LT [9] [10] [11] [12] [13] . KIR-ligand mismatches might induce recipient NK alloreactivity toward the liver allograft, resulting in a negative effect on the graft. However, we could not confirm the significance of KIR-ligand matching in liver allografts upon categorizing liver allografts according to KIR-ligand pairs. This may be due to the potentially protective effect of KIR-ligand mismatch during the early post-transplant period, or alternatively, the coexistence of alloreactive NK and T cells in the allograft may cause subclinical graft damage [8] . Our results support the previous suggestion that recipient NK cell lysis of renal graft-derived donor antigen-presenting cells could lead to inhibition of the direct pathway of antigen pathway [5] .
We adopted the definition of KIR-ligand mismatch used by Van Bergen et al [20] , based on the missing self model via the inhibitory receptors KIR2DL1, KIR2DL2, KIR2DL3, KIR3DL1, and KIR3DL2 [5] . In addition, the activating receptor KIR2DS1 was also included considering that KIR2DS1 binds to HLA-C2 and allows NK cells to respond to allogeneic C2-positive target cells [20] . However, there have been reports on complex interactions between KIR and HLA-C [27] , and our study could not demonstrate a clear result. These cross-reactions make it difficult to divide patients into KIR-ligand match vs mismatch groups, and KIR genotyping at the allele level may be required [5, 20] .
Overall, based on our results, we identified a meaningful association between HLA-C genotype and AR of liver allograft. The role of NK cells and the biological mechanism of NK-cell alloreactivity in LT are becoming increasingly apparent, and a more cautious review is needed before the clinical application of KIR genotype and KIR-ligand matching for liver allografts. Our study in Korean LT recipients will help to design further studies of NK cell function and assess the impact of KIR ligands on transplantation biology.
